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Their frequency of occurrence is 12.4 of 100,000 fractures per year, and these fractures most commonly occur in young males. 3 The nonunion rate after scaphoid fracture is relatively high. Even when scaphoid fractures are adequately treated using casts, the reported nonunion rate has been as high as approximately 10%. 4 Scaphoid nonunion results in abnormal wrist kinematics and typically leads to carpal collapse and a subsequent degenerative arthritis of the wrist. 5 Most scaphoid nonunions are symptomatic and show scaphoid humpback and dorsal intercalated segment instability (DISI) deformities. However, it is true that some cases are less symptomatic with gradual carpal collapse; these cases do not receive the required medical attention for a prolonged period. 6 In recent years, the patterns of carpal collapse in scaphoid nonunions have been investigated in clinical examinations and cadaveric biomechanical studies based on the fracture type. [7] [8] [9] [10] [11] [12] [13] [14] The natural history, including carpal collapse and degenerative arthritis, of scaphoid nonunion may vary because of the fracture locations. 15 The purpose of this article was to review recent studies on the biomechanics of scaphoid nonunion to demonstrate different natural histories of scaphoid nonunion.
that are classified into four subtypes on the basis of the fracture location. In 2006, a depiction of more definite fracture locations of the four subtypes using a three-dimensional (3D) scaphoid model was published in 
Mechanism of Carpal Deformity
Established scaphoid nonunion typically leads to carpal collapse and osteoarthritis of the wrist, known as scaphoid nonunion advanced collapse (SNAC). 5 Several studies using 3D computed tomography (CT) have reported that wrist symptoms, the natural history of carpal collapse and rapidity of deformity, and the location of osteoarthritis depend on the fracture location with respect to the scaphoid apex. The mechanisms of the development of different deformity patterns based on the scaphoid apex are explained as follows (►Fig. 3A-E). As per classic anatomical and biomechanical studies on the normal wrist, the scaphoid is naturally subject to flexional load from the trapezium, trapezoid, and capitate through axial forces due to its anatomical shape. [17] [18] [19] [20] Conversely, the triquetrum is subject to extensional load from the hamate. The flexion moment sustained by the scaphoid is constrained by the extension moment experienced by the triquetrum, and a stable equilibrium is achieved. Garcia-Elias compared this equilibrium to a spring with two arms (scaphoid and triquetrum) distally prolonged in divergent directions.
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dorsal scapholunate interosseous ligament (DSLIL) and the proximal fiber of the dorsal intercarpal ligament (DIC), which connect the scaphoid and lunate and are attached to the scaphoid apex, play an important role in preventing carpal collapse (►Fig. 4). 17 In distal-type fractures (type B2), where the fracture is located distal to the scaphoid apex, the scaphoidlunate complex is separated into two segments, namely, the lunate and proximal fragment of the scaphoid and the distal fragment of the scaphoid at the fracture site. The proximal scaphoid fragment and lunate, which are connected through the DSLIL and DIC, extend together, and the distal fragment of the scaphoid flexes individually. 10, 11, 21 Therefore, untreated distal-type fractures (type B2) result in humpback and DISI deformities and are accompanied by large bone defects on the volar side, relatively early after injury. 5, 8, 9, [22] [23] [24] [25] The dorsal translation and flexion of the distal fragment caused by DISI deformity may create an impingement between the distal fragment and radial styloid, leading to osteophyte formation at the radial styloid (►Fig. 5).
11 Degenerative change at the radial styloid does not always occur in the distal type. 9, 26 In the distal extra-articular type, the distal fragment of the scaphoid does not impinge on the radial styloid even when humpback deformity is developed because the fracture line is extraarticular to the radioscaphoid joint. 12 In the distal intra-articular type, flexion and dorsal translation of the distal fragment cause a conflict between the distal fragment and the radial styloid, leading to a degenerative change at the radial styloid. In proximal-type fractures (type B1), where the fracture is located proximal to the scaphoid apex, the connection between the distal fragment and lunate is preserved through the DSLIL and DIC so that the scaphoid-lunate complex remains stable and carpal collapse is less severe than that in distal-type fractures.
10,17 While proximal-type fractures have a degree of carpal stability, minor movements at the nonunion affect the radioscaphoid joint over time. Chronic proximal-type fractures generate widespread osteophytes at the dorsal scaphoid fossa on the radius and at the dorsal scaphoid ridge on the scaphoid due to the impingement of the large distal scaphoid fragment and radius (►Fig. 6).
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Kinematics
The scaphoid radially connects the intercalated segment and the distal row. The distal scaphoid pole is connected to the trapezium through the scaphotrapezial ligament, and the palmar radioscaphoid capitate and scaphoid capitate ligaments are secondary stabilizers between the scaphoid and distal row. 27, 28 The scaphoid apex and proximal pole are linked with the lunate through the scapholunate interosseous ligament (SLIL). These ligamentous and osseous structures of the scaphoid provide a considerable degree of stability to carpal bones. Scaphoid fractures may change the carpal kinematics through the pathological interfragmentary motion of the scaphoid. In a cadaveric study on scaphoid waist fractures, interfragmentary motion was mainly observed in the flexional motion of the distal fragment and in the limited motion of the proximal fragment during wrist flexion.
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Recently, pathological kinematics in scaphoid nonunion has been elucidated using noninvasive in vivo 3D kinematic studies.
8, 29 Leventhal et al investigated the interfragmentary motion of scaphoid nonunion in six patients 29 and reported that distal fragment motion during wrist flexion and extension is similar to that in the normal scaphoid. In contrast, the extension of the proximal fragment and lunate is significantly decreased by 38 and 40%, respectively. The interfragmentary motion of scaphoid nonunion was found to be onethird than that of total wrist motion. They suggested that abnormal carpal motion was caused because of the failure of a fundamental link between the proximal and distal carpal rows at the fracture site. Moritomo et al have revealed that interfragmentary motions of scaphoid nonunion show two patterns, namely, mobile and stable types, based on the fracture location; type B2 fractures (where the dorsal portion of the fracture was distal to the scaphoid apex) showed a mobile-type pattern in which the distal fragment was unstable relative to the proximal fragment. 8 Osseous break of the scaphoid resulted in the failure of a coordinated motion between the intercalated segment and the distal row. The distal fragment moved along with the distal row, whereas the proximal fragment moved along with the proximal row. The distal fragment flexed 7 degrees and extended 24 degrees relative to the proximal fragment with wrist flexion and extension, manifesting as a "bookopening" motion. Furthermore, they found that the distal scaphoid fragment impinged on the radial styloid in wrist radial deviation. Type B1 fractures (where the dorsal portion of the fracture was proximal to the scaphoid apex) showed a stable-type pattern in which the interfragmentary motion was minor during wrist motion. The distal fragment moved <10 degrees relative to the proximal fragment during wrist flexion and extension because the distal fragment was stabilized to the lunate through the proximal fibers of the DIC and DSLIL. Carpal kinematics during wrist motion was relatively preserved, and carpal collapse was not obvious. Changes in carpal kinematics in scaphoid nonunion based on the fracture location (distal or proximal to the scaphoid apex) were also verified using fresh-frozen cadaver wrists.
14 Fracture lines distal or proximal to the scaphoid apex were created in six and five wrists, respectively. The study validated wrist motion in these two types of scaphoid fracture models. The interfragmentary motion was significantly greater in the distal type (type B2) than in the proximal type (type B1). The distal fragment flexed and pronated relative to the proximal fragment significantly more in the distal type than in the proximal type during wrist motion, flexion-extension, radioulnar deviation, and dartthrow motion. Moreover, the study found that the greatest interfragmentary motion was typically seen during a flexionextension axis of movement and that its motion was remarkable during wrist flexion. Therefore, we surmise that carpal collapse and instability following scaphoid nonunion are strongly related to whether the fracture line can pass distally or proximally to the scaphoid apex where the DSLIL and DIC attach.
Diagnosis and Treatment
The principal goals of the treatment of scaphoid nonunion include achieving union, correcting the scaphoid deformity, and restoring the carpal alignment to prevent a degenerative change of the wrist. As mentioned previously, the pattern of carpal collapse and location of osteophyte generation are quite different between the proximal (type B1) and distal (type B2) types. Therefore, it is important to preoperatively distinguish whether the fracture is located proximal or distal to the scaphoid apex. Three-dimensional CT is a useful imaging modality to diagnose the fracture type and to formulate the best strategy for the treatment of scaphoid nonunion. Plain radiographs with careful observation can also detect whether the fracture location is proximal or distal to the scaphoid apex (►Fig. 7). 16, 30 In a 45-degree pronated oblique view, the scaphoid apex can be observed overlapping the capitate head. Distal-or proximal-type fractures can be identified by identifying the fracture location relative to the scaphoid apex.
In a posteroanterior radiograph with the wrist in the neutral position, obvious differences between the proximal-and distal-type fractures are observed. In proximal-type fractures, the fracture line is manifestly observed because the fracture line runs nearly horizontal to the wrist. Conversely, in distal-type fractures, the fracture line is obscure because it is vertical to the scaphoid long axis and oblique to the posteroanterior direction of the wrist. However, the diagnosis of fracture types using plain radiographs has limited accuracy; therefore, evaluation using 3D CT can be recommended. Distal-type fractures (type B2) are normally subjects to open reduction and internal fixation as early as possible because the DISI deformity rapidly may progress, resulting in subsequent SNAC deformity. When distal-type scaphoid nonunion is treated with the surgery, the volar approach is preferable because of the presence of large bone defects on the volar side. Grafting a wedge-shaped bone harvested from the iliac crest can correct the humpback deformity and restore the scaphoid length. Screws can be conveniently inserted through the scaphoid tuberosity to confirm the bone graft position. While open reduction with internal fixation is the first choice of management for proximal-type fractures (B1), conservative treatment can be considered an optional therapy in elderly patients or in those who may not prefer surgical treatment due to economic or social reasons because these fractures are less symptomatic. When the proximal-type fractures are treated with open reduction and internal fixation, a dorsal approach is recommended. Osteophytes developed on the dorsal scaphoid fossa of the radius and the dorsal scaphoid ridge can be observed from the dorsal side in a wrist flexional position. After the removal of these dorsal osteophytes, the nonunion is approached with a curette, and a small amount of cancellous bone graft is filled into the nonunion site. Moreover, screw insertion from the dorsal side allows vertical fixation of the fracture site (►Fig. 8).
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The DISI deformity and carpal instability occasionally develop in proximal-type fractures when SLIL is torn or loosened. When the fracture line runs close to the scaphoid apex in proximal fractures, the remaining SLIL still attached to the distal fragment may possibly get damaged. It is essential not only to diagnose the possible carpal instability by discerning fracture types but also to pay careful attention to the possibility of a latent SLIL tear. If dysfunction of the SLIL is suspected with a separation between the scaphoid apex and the dorsal lunate horn, then additional dynamic evaluation, fluoroscopy, and dynamic CT are necessary.
Conclusion
This review article summarizes the current consensus on the natural history of scaphoid nonunion based on 3D analysis. Although problems regarding the concomitant presence of carpal ligament injury, perilunate dislocation, or multiple fragmentations of scaphoid are yet to be solved, the fracture location relative to the apex of the dorsal scaphoid ridge is a reliable landmark to determine the natural history of scaphoid nonunion. Therefore, the evaluation of scaphoid nonunion using 3D CT is recommended to determine the fracture type, which helps to formulate the best strategy for management. 
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